Introduction
Carbide Derived Carbons (CDCs) [1] , synthesised by the halogenation of metal carbides [1] [2] [3] are attracting increasing attention for potential application in gas separation and storage [4] [5] [6] [7] [8] [9] and in electrochemical energy storage [1] , owing to their ability to possess high surface area and tunable pore sizes, and their ease of synthesis from natural carbides. CDCs from different carbide precursors have been investigated by several groups [8, [10] [11] [12] [13] [14] [15] using various techniques such as X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman spectroscopy, and adsorption based characterization to understand the microstructural changes occurring during their preparation and post-synthesis treatment. Various kinds of CDCs have been explored by different research groups and specific surface areas of up to 3000 m 2 g -1 [16] with small pore sizes have been reported [2-5, 14, 17-20] . These studies have
shown CDCs to comprise a highly microporous structure, generally lacking macropores. On the other hand conventional microporous activated carbons are known to possess a bidisperse structure, with macropores which provide the pathways enabling access to micropores in the particle interior [21, 22] . Surprisingly, evidence for a bidisperse structure for CDCs, even for purely nanoporous samples, has recently been obtained in this laboratory [15] , with CO 2 adsorption at 273 K on Ti 3 SiC 2 showing the presence of significant ultra-microporosity in the 0.32-0.37 nm pore size range. The existence of such ultra-microporosity in CDCs was previously unrecognized because ultra-micropores of this size are largely inaccessible to the most widely used characterization gases such as argon and nitrogen at low temperatures.
Indeed, we have reported some inaccessibility of the pore space and internal structure to Ar at 87 K for nano-sized SiC-DC [5, 18] and Ti 3 SiC 2 -based CDCs [14] .
Despite the intense efforts devoted to the characterization of CDCs, there has been no published report on the dynamics and the diffusion of gases in the internal structure of CDCs.
A detailed investigation combining characterization and kinetic studies is therefore necessary to obtain a comprehensive understanding of the impact of pore structure and specifically the ultra-microporosity of CDC materials on adsorption behaviour. Such fundamental understanding of the transport of gases in the internal structure of CDCs exhibiting a bidisperse pore size distribution is very important for synthesizing advanced porous carbons for specific applications. We note that while ultra-micropores are usually defined as those smaller than 0.7 nm, we are particularly concerned here with those in the 0.32-0.37 nm range.
The uptake dynamics of gases in porous adsorbents has been a topic of considerable importance and significance in the field of gas adsorption, and extensive effort has been devoted to this in the literature [21, 22] . The adsorption of an adsorbate species from the bulk gas phase into a particle is normally described by a two-step process, involving transport through the film to the outer surface of the particle and diffusion into the particle. Depending on the dimensions of the adsorbent pores, structure and process conditions, the mechanism of mass transport in porous solids may be governed by pore diffusion, micropore diffusion (sometimes referred to as surface diffusion), or an interfacial barrier resistance.
Numerous mathematical models of adsorption dynamics in heterogeneous and bidisperse structured porous solids have been reported in the literature [23] [24] [25] [26] [27] . The various models can be loosely categorised as those that consider the transport in the micropores to be significant at the particle scale, and those that confine this transport locally to the microscale. Among the earliest of the models is that of Wakao and Smith [28] , which considers the particle scale diffusion of gases in both micropores and macropores, assuming a random pore structure, with no account of adsorption effects. This assumption of negligible adsorption was subsequently relaxed by Schneider and Smith [26] , who considered simultaneous gas and adsorbate diffusion in macropores and micropores respectively over the whole particle, while remaining at equilibrium with a linear isotherm. Such an approach assumes rapid mass transfer between the macropore and micropore phases, as well as high permeability in the micropores, comparable to that in the macropores. However, when the micropore permeability is significantly smaller than that of the macropores, the diffusion in the micropores will be locally restricted to a scale much smaller than the particle size. Models of the adsorption dynamics in this limit assume the adsorbent particles to be bidisperse, comprising agglomerates of microporous microparticle called grains in which local transport occurs in micropores, with the inter-grain macropores providing the pathways for particlescale gas phase transport [23] [24] [25] . This model was first proposed by Ruckenstein et al. [25] who showed good agreement with data when the diffusion of the adsorbed species is assumed to occur only over the small length scale of the individual microspheres. While the approach has found much support in the subsequent literature, in some studies of adsorption in activated carbon the microstructure has been divided into two types of independent micropore phases with negligible particle scale macropore resistance [29] . Subsequent work has seen modifications to the above approach to include a particle scale flux contribution from the micropores, following Barrer [30] as well as Karger [31] , who propose the hopping of molecules between the microparticles through the macropore spaces. While Do and coworkers [32] [33] [34] incorporate this flux through an empirical surface diffusion of the adsorbed phase, Bhatia and co-workers [35, 36] consider a microparticle through-flux arising from the macropore concentration variation around the microparticle surface. However, this through flux is found to be generally negligible [23] , since the microparticle permeability is generally far smaller than that corresponding to the macroscale transport. Subsequently, some studies have resurrected the Schneider and Smith [26] approach, considering particle scale diffusion in the micropores with negligible transport resistance at the microscale, but with a nonlinear isotherm and finite mass exchange rate between macropores and micropores [36] [37] [38] . In other work, Loughlin et al. [39] , Qinglin et al. [40, 41] and Wang and LeVan [42] have considered a surface barrier resistance in series with a micropore diffusion resistance for the diffusion of gases in carbon molecular sieves, with negligible direct contribution of micropores to the macroscale flux.
Apart from the development of the models, the detailed mechanism of surface diffusion has also attracted much attention in the literature [43, 44] . Several studies have viewed surface diffusion as hopping of migrating molecules between neighbouring adsorbing sites [45] [46] [47] [48] [49] [50] , or as continuously adsorbing into and evaporating from the microparticle units [51] . Kapoor and Yang [52] proposed a parallel-path model (PPM) for surface diffusion on heterogeneous surface. In their model, the surface is regarded as consisting of a series of parallel paths in a way that each path has a uniform but different energy. They have further studied the influence of the connectivity among the energetic sites on overall sorption kinetics based on the effective medium approximation [43] .
Monte Carlo and molecular dynamics simulations methods have been also used to describe transport of gases in carbons [53] [54] [55] . Jepps et al. [53] have examined the transport of CH 4 in microporous carbon by performing equilibrium and nonequilibrium molecular dynamics simulations over a range of pore sizes and densities. They have shown density dependence of transport diffusion coefficient for CH 4 transport in carbon slit pores of different widths and two different trends in the variation of transport coefficient with pore density have been demonstrated. In small pores where fluid-solid interactions dominate, it is shown the transport coefficient decreases with increasing pore density while in the wider pores, the transport coefficient increases as the fluid density increases beyond the Henry's law regime, due to effects of fluid-fluid interaction. Strong dependence on the pore size of the relation between the transport coefficient and the density has been also shown by Nicholson [55] and recently by Bhatia et al. [54] .
In the present article, we investigate methane uptake kinetics in silicon carbide-derived carbon using a volumetric method. It is shown this type of adsorbent has a bidisperse micropore distribution, with the microporosity comprising significant ultra-micropores.
Based on the recent models reviewed above for activated carbon and other bidisperse structure porous adsorbents, the internal structure of SiC-DC is assumed to have ultramicroporous topologically connected networks in small independent domains called grains with larger micropores forming the inter-grain spaces. It is shown the kinetics of CH 4 adsorption is governed by two distinct diffusional resistances, arising from slow diffusion in the grain ultra-micropores and faster diffusion in the larger particle scale micropores forming the intergrain pathways. We study the diffusion of methane in SiC-DC, comparing the macroscopic uptake kinetics data with self-diffusivities obtained from microscopic molecular dynamics (MD) simulations and quasi-elastic neutron scattering (QENS) measurements. In addition, we combine the characterization results obtained from structural analysis of SiC-DC, and the predictions of the experimental adsorption isotherm using our finite wall thickness model (FWT-NLDFT) approach [56] , with the adsorption dynamics studies to gain understanding of the microstructure of the CDC.
Experimental section

Synthesis of SiC-DC1073
The SiC-DC samples used were synthesized in our laboratory by chlorine treatment of two different micrometer-sized SiC powders of nominal diameter 20 μ m (Sigma Aldrich) and 1 μ m (Alfa Aesar) at 1073 K. A known mass of SiC powder is initially purged by ultra-high purity argon (BOC Gases, 99.999%) in a tube furnace and then a heating rate of 30 K/min is employed to raise the temperature of the furnace to 1073 K. Once the desired temperature is reached, the argon flow is replaced with ultra-high purity chlorine (BOC Gases, 99.9%) to begin the chlorine treatment. By-products such as silicon chloride (SiCl 4 ) vapor and the residual chlorine are captured in sodium hydroxide solution. After completion of reaction, the remaining carbon (CDC) is purged with argon flow at 1073 K for 30 min in the tube furnace, and then slowly cooled down to ambient temperature while purging. Further details of the procedure are available in an earlier publication from this laboratory [14] .
Microscopic characterization of SiC-DC1073
The particle size distributions of SiC-DC samples are determined by an optical method based on light scattering analysis using a laser particle size analyser (Mastersizer 2000, Malvern
Instruments, UK). The structural information on the SiC-DC1073 1 µm and 20 µm samples is obtained using a transmission electron microscope (JEOL 2100 at 200 Kv), and a field emission scanning electron microscope (JEOL-JSM-7100F) is used to observe the morphology of the SiC-DCs. XRD analysis of the SiC-DCs is performed using Cu Kα radiation (40 kV, 40 mA, l = 1.5418 Å) and a fixed slit mode over the 2θ range of 10-80°.
Volumetric adsorption and diffusion measurements
Volumetric adsorption measurements are conducted to measure excess adsorption isotherms The degassed sample cell is transferred to the adsorption port where the sample is initially evacuated and then dosed with helium gas to determine the dead volume of the sample cell.
The sample is eventually evacuated and dosed with CH 4 in small pressure steps, and the transient gas pressure signal from the pressure transducer is recorded for each pressure step.
Isothermal conditions are maintained during all experiments using an insulated Dewar flask.
The degas procedure is repeated for 4 hours on the same sample between measurements at different temperatures.
Mathematical modeling
Adsorption isotherm
The isotherm equation for description of adsorption equilibrium is crucial for the successful representation of adsorption kinetics. In this work, based on the bidisperse pore size distribution of SiC-DC, and the presence of ultra-micropores, the experimental isotherm data are analysed using a proposed dual Henry-Langmuir mode isotherm equation to describe single component adsorption equilibrium on SiC-DC. The Henry-Langmuir isotherm equation is represented mathematically as follows
where C a (P) is the total sorption per unit particle volume at bulk concentration C be , C μ m is the micropore capacity per unit particle volume, K L is the Langmuirian affinity constant, and K H is the Henry constant. The affinity coefficient and Henry constant have an exponential dependence on inverse temperature, following
where ΔHℓ and ΔH h represent the adsorption enthalpies for the Langmuir and Henry modes respectively.
Adsorption Kinetics
We have applied several transport models to match the transient adsorption data obtained in the volumetric adsorption apparatus, and obtain diffusion parameters from the fitting.
Unipore model
The first model we have applied assumes a unipore structure pervading the entire CDC particle, with no microscale or external mass transfer resistance. Further, since each step in the experiment involves only a small bulk pressure change in the sample chamber, the concentration of the bulk gas surrounding the particle, and therefore the interfacial concentration of adsorbate in equilibrium with this bulk gas, is assumed constant during the transient phase after introduction of the adsorptive dose in the sample cell. In this case, the resistance to diffusion is entirely at the particle scale, and assuming spherical particles of radius R P , the transport model follows
with boundary conditions 0
, and at
Here af C is the adsorbed amount in equilibrium with the surrounding bulk gas, and the intra-particle diffusion coefficient, D a , is assumed constant in view of the small external pressure change. This coefficient has an embedded factor of tortuosity. Considering heat and mass transfer resistances to be negligible, and the sample temperature to remain constant, the analytical solution of the above model provides
where M t (t) is the total uptake of adsorbate in the spherical particle at time t, and M ∞ is the final amount adsorbed at long time.
Unipore model with non-linear isotherm
In the above model, there are two main assumptions involved in the formulation: (i) the surrounding bulk gas phase concentration (or pressure) in the sample chamber is constant, and (ii) the intra-particle transport coefficient is constant since the change in bulk pressure is small. The latter assumption is satisfied even when the change in adsorbed amount is finite, if the isotherm is linear, as follows from the Darken equation:
Here we consider another model in which the first of these assumptions is relaxed, and the bulk gas concentration is allowed to vary during a pressure step. Further, we assume that adsorption equilibrium is attained at the particle surface following a Langmuirian isotherm (a simplification compared to the actual isotherm that we subsequently fitted -the combined Henry-Langmuir model in eqn (1)). In this case, eqn (4) has the interfacial boundary
, where I(C b ) represents the Langmuir isotherm with C b (t)
being the bulk gas concentration. To account for the variation of bulk concentration with time, the adsorptive mass balance equation in the gas phase provides:
in which V ex is the external volume in the sample cell, m is the mass of adsorbent and ρ P is the particle density. The transient uptake in this model is obtained as
where M w is the gas molecular weight and C bo is the initial bulk gas concentration in the sample chamber.
Bipore diffusion model
Given the evidence of ultra-microporosity in Ti 3 SiC 2 -derived carbon [15] and, as will be seen here, also in SiC-DC, we consider a third model based on the assumption of a bidisperse structure; this comprises two kinds of pores: the ultra-micropores ranging from 3.3-3.7 Å and larger micropores. In ultra-micropores, the overlapping of the potential energy field due to the solid leads to an enhanced potential field in favour of adsorption. In comparison, there is relatively much less adsorption in larger micropores, and these are viewed as the pathways through which the adsorptive diffuses from the bulk phase into the ultra-micropores. It is assumed that ultra-micropores have topologically connected networks in small independent microparticles called grains, with the larger micropores forming the inter-grain space as the pathways.
The particle scale mass transport in such bidisperse particles follows the balance equation [23, 25] ( )
and for spherical grains (microparticles) the microscale transport follows
where μ ε is the microporosity of the grains, and m ε the inter-grain (micro)porosity of the particle, respectively. C m is the adsorptive concentration in the particle scale micropores, µ C is the adsorbed phase concentration in the grain scale ultra-micropores, and µ C its mean value, given by C t r C t r dr r μ = ∫ (10) Further, D µ (C µ ) is a concentration-dependent microphase diffusivity (with an embedded tortuosity factor), assumed to follow the Darken relation
where C be is the equilibrium pseudo-bulk gas concentration corresponding to adsorbate concentration µ C . The effect of pore size heterogeneity on the concentration-dependence of this microscale transport coefficient was examined by Bhatia [27] , considering a random pore network, showing the choice of isotherm model and the heterogeneity to have significant influence.
In the simplest case, when particle scale diffusion of the micropore adsorbate is insignificant, the particle scale flux, N m , is expressed as
where D m is the effective macropore diffusivity. The fast mass transfer boundary condition for eqn (9) implies that the adsorbed phase concentration at the microparticle surface, C µ (t,r g ), and the local concentration in the larger surrounding particle-scale micropores are in equilibrium. Following the dual Henry-Langmuir isotherm in eqn (1), it is assumed that the Langmuirian part of this isotherm corresponds to the adsorption in the grains or microparticles, and the Henry law part corresponds to the larger pores permitting diffusion at the particle scale. Assuming an ideal bulk gas phase, the adsorbate concentration in the ultramicropores follows
while the adsorbed concentration in the larger particle scale pores follows
Here C be is the local pseudo-bulk gas equilibrium concentration. Equations (12) and (13) combine to provide the interfacial boundary condition for eqn (9) ( , ) ( , , )
while
, where the bulk gas concentration C b (t) follows
which is similar to eqn (6) . Following the Darken relation, the effective ultra-micropore diffusivity in the grains has the loading dependence
based on the Langmuirian isotherm in eqn (12) , where D μ ο is the mobility. The effective particle scale diffusivity D em is readily seen to be loading-independent based on the isotherm in eqn (13) . The time dependent total uptake for this model is obtained as before using eqn (7). adsorption, and enhance interfacial mass transfer. Figure 2 illustrates the particle size distribution of SiC-DC1073 1 µm and 20 µm particles and their precursors, obtained using the Malvern Mastersizer laser sizing instrument. It is seen that the particle size of the synthesized SiC-DC is close to its precursor, and chlorine treatment does not have a significant effect on the particle size distribution of the samples, which remain nearly unchanged after the synthesis process. Figure 2 also shows a small modal size of about 0.6 µm diameter for the particles of nominal size 1 µm, consistent with the observation of smaller primary particle size based on the micrographs in Figure 1 .
Results and Discussion
Structural characterization
Morphology and particle size of synthesized SiC-DC1073
High resolution transmission electron microscopy
The structure of the synthesized SiC-DC samples was also investigated using high resolution transmission microscopy (HRTEM). The HRTEM image of SiC-DCs in Figure 3 reveals a predominantly amorphous structure in the core of the samples, as is it to be expected. On the other hand, these TEM images also reveal the existence of grains inside the structure of the synthesized SiC-DC samples. The size of grains observed in these images are roughly in the range of 35-45 nm and 25-35 nm for SiC-DC1073 1 µm and 20 µm samples respectively.
Some degree of graphitization in an outer shell CDC samples has been reported in the literature [14, 18] , and this is found to increase as the synthesis temperature increases. While such increased graphitization does appear to occur on the surface of the grains in Figure 3 , the extent does seem lower than that observed for nanosized SiC-DC in the literature [18] .
SiC-DCs generally remain amorphous up to chlorine treatment temperature of 1473 K [4] , however at 1073 K and higher temperatures, a slight increase of graphite ordering has been reported [3, 5] . A slightly more ordered structure is found in SiC-DC1073 1 μ m compared to 20 μ m, consistent with XRD patterns presented below.
X-ray diffraction
The structure of the synthesized SiC-DCs has been characterized using X-ray diffraction (XRD). to an increase in pore accessibility for argon and CO 2 in the highly amorphous structure of SiC-DC because of the presence of structural distortions arising from folding and twisting of the sheets known to occur in disordered activated carbons.
Pore structure characterization
The helium skeletal density of the SiC-DC samples is measured using a Helium Pycnometer (Micromeritics Accupyc 1330). The helium densities for the 1 μ m and 20 μ m samples are 2.52 and 2.28 (g/cm 3 ) respectively. The helium densities for both samples are close to the density of graphite (2.27 g/cm 3 ). Figure 5 compares the argon adsorption isotherms of the both SiC-DC1073 1 µm and 20 µm at 87 K. The argon adsorption isotherms on these samples are of a typical type I isotherm for microporous materials. Both samples exhibit relatively similar argon adsorption isotherms at 87 K, indicating that these samples should have similar pore structure as can be also seen in HRTEM images presented in Figure 3 . The SiC-DC1073 1 μ m sample shows larger adsorbed amount of argon at 87 K up to relative pressures of 0.001. This higher adsorbed amount of argon for SiC-DC1073 1 μ m is indicative of larger pore volume of small pores. In order to study the pore structure of the samples, the argon adsorption isotherms are interpreted using NLDFT with the finite wall thickness (FWT) model [56] . those obtained using nanosized SiC [5] , where pore volume of about 0.6 cm 3 /g has been reported, and may reflect a small degree of shrinkage due to some graphitisation of the micrometer-sized samples during their necessarily longer chlorine treatment period. Based on the pore volumes and skeletal densities it is estimated that a reduction in pore volume from 0.6 cm 3 /g to 0.51 cm 3 /g corresponds to only about 3-4% reduction in particle radius, too small to accurately measure by the laser sizing method. This is made further difficult by the tendency of the carbon particles to cluster and agglomerate, particularly for the 1 μ m sample, which skews the distribution towards larger sizes. Although the agglomerates are largely broken down by ultrasonification in our system, some clusters may remain or reform during the measurement procedure.
Predictions of CO 2 and CH 4 adsorption isotherms
The structural data (pore size and pore wall thickness distributions) obtained from interpreting experimental sub-atmospheric adsorption isotherms of argon at 87 K are used to predict the low pressure CO 2 isotherm and high pressure adsorption isotherms of CH 4 in the synthesized SiC-DC1073. A detailed description of the FWT-NLDFT approach, considering a slit pore size distribution (PSD) and a wall thickness distribution (PWTD), interaction potential models and related parameters, can be found elsewhere [18, 56] .
CO 2 adsorption at 273 K
The sub-atmospheric pressure CO 2 adsorption isotherm at 273 K for SiC-DC1073 1 µm is predicted using the FWT model and the comparison between the Ar PSD-based predictions (excess theoretical adsorption isotherm) and the experimental data is shown in Figure 7 . For the predictions, the microstructure of the investigated SiC-DC samples is assumed to be rigid under this low pressure condition. CO 2 is treated as an effective Lennard-Jones (LJ) sphere for which the LJ parameters for the CO 2 -CO 2 interactions are taken from elsewhere [60] . adsorption, the binary parameter value of k cf = 0 is used since the one-center assumption for CO 2 molecules is suitable at sub-atmospheric pressures [18] . It can be observed that the FWT model provides reasonably good agreement between the excess theoretical and experimental adsorption isotherm for the synthesized sample, indicating good approximation of the slitpore model for even very disordered carbons such as the SiC-DC. This has been also shown to satisfactorily predict the sub-atmospheric CO 2 isotherm of nano-sized SiC-DC in previous work of this laboratory [18] . The under-prediction which is observed at very low pressure indicates a pore accessibility problem for argon at 87 K at low pressures, and that the synthesized SiC-DC has lower pore accessibility for argon at 87 K compared to CO 2 at 273
K. This is because of relatively lower diffusivity of argon at 87 K in the pore structure of SiC-DC, and a pore entry barrier in the narrowest pores [61] . With increase in pressure, however, the barrier appears to be overcome, as the CO 2 adsorption is more accurately predicted in this region. The experimental sub-atmospheric CO 2 adsorption isotherm data is also analysed using the Micromeritics DFT2 NLDFT program to obtain the pore size distribution. The presence of a narrow ultra-microporosity in the range of 3.3-3. simulations of SiC-DC [63] . Presser et al. [64] have also presented a study on the effect of CDC micropore size on low pressure CO 2 sorption. They reported high CO 2 sorption capacity of up to 7.1 mmol/g for CDC at 273 K and ambient pressure.
High pressure CH 4 adsorption at 273 K
The FWT-NLDFT model is used to predict high pressure methane adsorption using PSD and PWTD obtained from argon adsorption. Figure 9 compares the excess theoretical high pressure adsorbed quantities of methane at 313 and 333 K in SiC-DC1073 1 µm predicted by the FWT-NLDFT model with the experimental data. For these predictions, all the LJ parameters for CH 4 -CH 4 and CH 4 -C interactions are taken from the previous work from this laboratory [18] . As can be seen, the FWT model predictions are in good agreement with experimental high pressure adsorption isotherms of CH 4 in the SiC-DC1073 1 µm samples, although a very slight over-prediction for the CH 4 adsorption isotherm is observed. Nguyen et. al [18] have also report some over-prediction of the CH 4 isotherms by the FWT-NLDFT model for their CDC, both at 313 K and 333 K, using the PSD based on Ar adsorption at 87 K. While these authors attributed the overprediction to difference in accessibility between Ar, having critical pore diameter of 3.4 Å, and CH 4 , which has a critical pore diameter of 3.6 Å, this explanation would appear inconsistent with the match at the lower temperature of 313 K in Figure 9 . Nevertheless, the overprediction even at 333 K seen here is rather small, within 3-5%, and likely due to sample-dependent variations. Thus, while Ar at 87 K would appear to have slightly lower accessibility to the ultra-micropores as compared to CO 2 , it may have similar accessibility as methane at 313 K and 333 K for this CDC sample.
Low pressure CH 4 adsorption equilibrium and kinetics
The dual Henry-Langmuir isotherm model was applied to the adsorption equilibrium data of CH 4 on SiC-DC1073 1 µm and 20 µm at temperature range of 303-353 K up to atmospheric pressure. The fit of the Henry-Langmuir isotherm to the experimental adsorption isotherm data (excess amount adsorbed per unit particle volume) is shown in Figure 10 , in which the micropore capacity (C μ m ) is held constant over the six temperatures. Under the subatmospheric pressure conditions the bulk density is sufficiently small that the difference between absolute and excess isotherms is insignificant. It is evident that the Henry-Langmuir isotherm can adequately fit the data over the pressure range shown. The evaluated parameters from the dual Henry-Langmuir isotherm are presented in Table 1 . The dual Henry-Langmuir isotherm is attributed to the pore size heterogeneity of the adsorbent, with the Langmuir part related to ultra-micrpores in the grains, and the Henry part to the larger micropores in the particle providing access pathways into the particle interior and to the ultra-micropores. The ultra-micropore capacity of the SiC-DC1073 1 µm and 20 µm samples obtained from fitting the dual Henry-Langmuir isotherm is 1.37 and 1.17 mmol/cc of particle volume respectively. slightly lower accessibility to the ultra-micropores, evident in the PSDs in Figure 6 , with the ultra-micropores probably being filled at higher than equilibrium pressures. The pore volumes of the two samples may therefore be marginally higher than the values of 0.52 cc/g and 0.51 cc/g, for the 1 µm and 20 µm samples respectively, obtained using Ar adsorption, depending on the filling attained for the ultra-nicropores. The parameters in Table 1 , obtained from the fitting of the Henry-Langmuir isotherm to experimental equilibrium data, are used in the proposed bipore model to extract the diffusivities in larger micropores and ultramicropores.
Comparison of diffusion models
Subsequent to the interpretation of the adsorption equilibrium, the transport models presented in Section 3.2 were applied to the uptake kinetics data of CH 4 on the two adsorbents at different temperatures to understand the diffusion mechanism inside the synthesized SiC-DC particles and extract the CH 4 diffusion coefficients. In solving the models eqs (4) (8) and (9) were discretised using finite differences and converted to ODEs, which were solved together with the bulk phase balance eqs (6) and (15) in MATLAB using a stiff system solver. A least square minimisation method implemented in MATLAB was used to fit the model solution to the experimental fractional uptake data. The fitting parameters were the effective diffusivity two models, which assume a single diffusion mechanism over the particle scale, cannot fit the data, which has a rapid initial uptake. Nearly 60% of the uptake is complete in the first second itself, and occurs too rapidly for the system to capture this dynamics. This suggests a diffusion mechanism involving at least two time scales. Further, in the experimental approach used in this study, the gas concentration is not constant but decreases with time due to finite volume of the bulk gas phase which is depleted as adsorption occurs in the SiC-DC.
Consequently, the simple model in eqn (5) [65] , which assumes a constant bulk gas concentration besides having only one diffusion mechanism, provides the least satisfactory fit of the measured data, while the bipore model fits the experimental CH 4 uptake data reasonably well compared to other alternative micropore diffusion models. Although as much as 60% of the uptake is complete by the first experimental point, the remaining part of the dynamics still captures the dynamics of both the particle and grain scale transport processes, with better data fits compared to the purely particle scale diffusion models.
Experiments with different amount of mass of adsorbent were conducted to investigate the effect of mass of sample on the diffusion uptake curves, and showed no effect of sample mass in the 0.3-0.75 g range. Thus, the results are free of heat and mass transfer resistances related to the sample pile. From Figure 11 it is evident that sorption equilibrium is reached faster for the larger particle size of nominal diameter 20 µm. The equilibration times are around 20 seconds for the largest and about 40 seconds for the smallest particle size fraction. This cannot be explained by the pore size distribution effects alone, as the particle scale micropores in the two samples have similar distributions (PSDs), as seen in Figure 6 . This suggests that the two samples are structurally different, with the smaller particle size sample providing larger barriers to intra-particle and/or intra-grain transport due to internal constrictions and structural distortions arising from twisting and folding of the underlying graphene sheets, which cannot be captured by the slit pore models behind the PSDs in Figure   6 . Such distortions of the sheets are indeed evident from the hybrid reverse Monte Carlo simulation-based atomistic structures of the SiC-DC [63] . Differences in structure evolution between different particle size samples during chlorine treatment may be expected, since the partial pressures of the chlorine and metal chloride at the reaction interface during chlorine treatment will be strongly particle size dependent. Smaller particles will have higher chlorine partial pressures and lower metal chloride patrial pressures at the carbide/carbon interface, and more rapid diffusion through the developing porous structure, and therefore faster chlorination rate. The faster chlorination may be expected to lead to greater structural distortions. Further, since the different particle size samples originated from different manufacturers they may be expected to have different trace impurities, which could also influence the structural development during chlorine treatment.
Effect of the temperature on effective diffusivities
The CH 4 transient uptake curves of both samples at different temperatures are given in Figure   12 for pressure of 400 mmHg. The symbols represent experimental data and lines are theoretical fitting results. A strong temperature dependence of the diffusion uptake curves and time required to reach equilibrium is evident. Parameter values obtained by fitting experimental data and corresponding diffusivities are listed in Table 2 , showing the diffusivity increasing with increasing temperature, in both the large micropores and the grain scale ultra-micropores, but at different rates. Thus, while the particle scale diffusivity increases by a factor of about 2.5 over the temperature range of 303-353 K, the grain scale diffusivity increases by a factor of over 6-10; this is indicative of higher activation energy in the ultra-micropores in comparison to the larger grain-scale micropores, as is to be expected.
These activation energies will be subsequently discussed; nevertheless, from the extent of the increase it is clear that the transport in both modes has an underlying activated diffusion mechanism, consistent with the microporous nature of the associated porosity. From the magnitudes of the values of D μ o /r g 2 in Table 2 , and the grain sizes of about 40 nm and 30 nm for the 1 μ m and 20 μ m particles respectively, it is estimated that the value of D μ o is extremely small, and of the order of 10 -17 m 2 /s for CH 4 in the ultra-micropores in SiC-DC. In comparison the diffusion coefficient in the larger particle scale micropores is of the order of 10 -9 m 2 /s, which is in the usual range for carbon micropores. From a practical viewpoint therefore adsorption and transport in the ultra-micropores is unlikely to make a significant contribution to any membrane or adsorptive separation process using SiC-DC, not only due to slow diffusion in the ultra-micropores, but also due to their small pore volume
Effect of pressure on effective diffusivities
Experiments on the sorption of pure CH 4 were conducted at different pressures, over small pressure steps covering the pressure range of 400-700 mmHg and at temperature of 313 K.
As shown in Figure 13 , the uptake curves for CH 4 show a very slight decrease in rate with increase in pressure. The bipore model is applied to extract the diffusivity values for both
SiC-DC1073 samples. The results are presented in Table 3 and Figure 13a ,b. As can be seen, the CH 4 diffusivity and loading through simulation studies in graphite micropores [55] .
Decrease in methane diffusivity with increasing loading in very narrow pores has been observed in molecular dynamics simulations of transport in slit pores carbons [53] , and in single-walled carbon nanotubes [54] . It is shown that at low loadings, corresponding o the Henry's law region, the diffusivities remain nearly constant with increasing loading, but two different trends in the variation of diffusion coefficients with loading beyond the Henry's law regime can be observed. In very small pores ( 1 nm ≤ ) the diffusion coefficient decreases with increasing loading, while in wider pores, the diffusion coefficients increases as the loading increases beyond the Henry's law regime [53] . The difference in behaviour arises because of the increasing contribution of viscous flow with increase in loading in large pores where multilayers can form. On the other hand in narrow pores fluid-solid interactions dominate, and increase in loading causes mutual interference between fluid molecules with negligible viscous contribution, and this reduces the diffusivity with increase in loading.
Comparison with molecular dynamics simulation
In recent work from this laboratory the atomistic structure of SiC-DC has been obtained using hybrid reverse Monte Carlo (HRMC) simulation [63] , and this structure has been used by us as a platform for predicting diffusion coefficients using equilibrium molecular dynamics (EMD) simulations [66] . Here we use these simulation results to validate the particle scale transport model and resulting transport coefficients, and since the details are provided elsewhere [66] we only briefly outline the simulation method here. The simulations were performed over a wide range of temperatures from 150 K to 1000 K, using the LAMMPS simulation package [67] , with an all atom model of CH 4 with partial charges, in which translational and rotational degrees of freedom of rigid bodies were both thermostated using the Nose-Hoover algorithm detailed in the literature [68] [69] [70] [71] . A potential cut-off distance of 18 Å was used, and a standard Ewald formulation used for electrostatic interactions. A Verlet time integrator was used with time step equal to 1 fs, and MD simulations were run for at least 18 ns in the production phase so that displacement of the center of mass of the molecules was greater than the size of the unit cell (40 Å). To calculate self-diffusivity of CH 4 , mean-squared displacements (MSDs) of the center of mass of the molecules were collected in the Fickian regime, in which log-log dependence of MSD with time is linear.
Self-diffusivity was then obtained using the well-known Einstein equation:
where is the center of mass position vector of molecule i at time t, N is the number of molecules and d is dimensionality of the system. At infinite dilution case the self-diffusion coefficient approaches the collective diffusivity and may be compared to that obtained from the macroscopic uptake experiments reported here.
Here, the low density uptake-based particle scale diffusion data in Table 2 are compared with the results of EMD simulations [66] at very low loading (~ 0.027 mmol/g) and microscopic quasi-elastic neutron scattering (QENS) measurements [66] . The uptake-based diffusivities correspond to about 400 mm Hg bulk pressure and, as seen from the results in Table 3 , are unaffected by pressure and equivalent to those at low uptake. The QENS experiments were carried out using the time-of-flight spectrometer IN6, at the Institut Laue-Langevin (ILL).
The details of QENS experiments on SiC-DC 20 µm samples are presented in our recent publication elsewhere [66] . Figure 14 compares the temperature dependence of the particle scale diffusion coefficients obtained from uptake kinetics with self-diffusivities obtained from molecular dynamics simulation and QENS measurements at low density. As seen in Figure 14 , there is excellent agreement between the particle scale diffusion coefficients with the predictions of the molecular dynamics simulation, while the QENS-based diffusion coefficients are as much as one order of magnitude larger. Since long-range diffusion of fluid molecules is considerably retarded by internal barriers arising from structural constrictions and disorder, macroscopic diffusivities are almost always several orders of magnitude smaller than microscopic diffusivities, usually measured by molecular dynamics simulation or QENS experiments, which probe much smaller length scales [72] [73] [74] [75] . Interestingly, our MD results
show very good agreement with the measured particle scale diffusion coefficients, which is remarkable considering that the simulations are based on a structure derived purely from neutron scattering measurements, and not using adsorption data. This agreement not only supports the present model, but also shows that the slow ultra-micropore diffusion is not captured by MD. This is readily rationalised based on the low values of D μ o /r g 2 in Tables 2   and 3 , which suggest extremely low values of D μ o , of the order of 10 -17 m 2 /s, based on the grain sizes estimated using HRTEM as discussed in Section 4.1.2. Such small diffusivities will lead to immeasurably small displacements in the time scale of an MD simulation. We further note here that the scattering measurements on which the HRMC structure is based were made with 50 nm sized SiC particles [63] , while the current study has used larger particles. The agreement is still excellent, despite the precursor particle differences, suggesting that the CDC structure is only weakly dependent on particle size.
Activation energy and adsorption isosteric heat
The activation energies corresponding to the particle and grain scale diffusion of CH 4 on the SiC-DC samples were derived from the slopes of the Arrhenius plots ( Figure 14) . The magnitude of the activation energy at low loading, corresponding to a pressure of about 400 kJ/mole, for the different particle size of SiC-DC 1 µm and 20 µm samples in the larger micropores is 15.6 and 14.2 kJ/mol respectively, while the grain scale ultra-micropores CH 4 show higher activation energies of 42.6 and 31.7 kJ/mol respectively. The activation energy obtained from the grain scale diffusion is almost twice the heat of adsorption value presented below. These values are significantly larger than the activation energy for micropore diffusion of methane molecules in microporous carbon of 11.7 kJ/mole found by Prasetyo et al. [76] . On the other hand they are close to the activation energy of 40 kJ/mole for CH 4 diffusion in Takeda 3 Å carbon molecular sieve found by Rutherford et al. [77] , and slightly smaller than the activation energy of 50 kJ/mole for methane transport in a different carbon molecular sieve determined by Reid and Thomas [78] . The large activation energies obtained from the CH 4 diffusivity in the grains suggests the presence of constrictions and internal pore-mouth barriers that affect the entry of CH 4 molecules into the ultra-micropores. In support it is noted that based on the variation of fluid solid interaction potential energy with pore size Rutherford et al. [77] estimate an effective aperture size of 0.32 nm, for the activation barrier of 40 kJ/mole found by them for methane diffusion in Takeda result in support is that the lower activation energies of 15.6 and 14.2 kJ/mol found here for the larger particle-scale micropores, are close to the value of 11.7 kJ/mole found by Prasetyo et al. [76] , suggesting that these pores are of a similar size range as the micropores in traditional activated carbon. This is indeed evident from the PSDs in Figure 6 , showing the pore size range to be similar to that of many commercial activated carbons [36, 60] . The very slightly higher activation energy in the larger micropores, of 15.6 and 14.2 kJ/mol, in comparison to that obtained from simulation, of 11.1 kJ/mol, seen in Figure 14 , does indicate the possibility of some structural constrictions and internal barriers that affect macroscopic transport, but are not captured at the small length scale of simulation (~10 nm). We note here that a slightly lower activation energy from simulation, of about 7.05 kJ/mole, has been reported in our recent article [66] , but that is for a pressure of 400 mmHg and corresponds to the higher loading of about 1.2 mmol/g used in the QENS experiments, somewhat beyond the infinite dilution region.
The isosteric heat of adsorption is also important when adsorbents are considered for potential adsorption processes. The amount of heat released from an adsorption process could have an adverse effect on the adsorption capacities of the components which can result in a loss of the adsorbent capacity. The contributions to isosteric heats of adsorption at zero loading, ΔH, from the Langmuir and Henry Law parts of the isotherms may be obtained,
where P is pressure. Figure 15 Interestingly, both the ultra-micropores and the larger particle scale micropores have nearly similar heats, which at first appeared surprising. However, this is readily reconciled with the variation of interaction energy of CH 4 , and the resulting heat of adsorption, with carbon slit pore size, estimated by Rutherford et al. [77] and replotted in the inset in Figure 15 As further cross-validation with simulation, Figure 15 (c) compares the overall Henry constants from grand canonical Monte Carlo simulation [66] and the present measurements.
The experimental values are estimated using the low loading limit of the dual HenryLangmuir model in eqs (1)- (3), and the constants in Table 1 . Very good agreement is observed between the experimental results and the simulation, confirming the veracity of the dual mode constants.
Conclusions
We have characterized the microstructure of micrometer-sized SiC-DC samples synthesized at 1073 K, investigating both solid structure and pore structure, using different The presence of both ultra-microporosity and grains in SiC-DC particles suggests that this ultra-microporosity exists locally in the grains, and a bidisperse structure model is proposed here for this CDC, comprising grain scale ultra-micropores and larger particle scale micopores. A dual Langmuir-Henry adsorption isotherm has been found to fit data for CH 4 adsorption isotherms on SiC-DC at different temperatures very well, consistent with this bididpserse structure model. This model is also found to correlate experimental data for transient uptake kinetics of CH 4 in SiC-DC, more satisfactorily than alternative micropore diffusion models involving only one diffusional length scale. The activation energy for the diffusion of CH 4 in the grains is comparable to that for carbon molecular sieves, in agreement with our model considering the grains to be ultra-microporous.
A comparison of macroscopic uptake-based data with simulation results and QENS measurement data shows remarkable agreement between simulation dynamics and the uptake-based diffusivities. The difference between the activation energies obtained from simulation and QENS with that from macroscopic uptake, suggests that there are some structural constrictions and internal barriers, which are not captured by the simulation or the QENS measurement. 
